Oxidative stress plays a major role in hyperoxia-induced acute lung injury. We have shown previously that mice lacking the Nrf2 are more susceptible to hyperoxia than are wild-type mice. Nrf2 activates antioxidant response element (ARE)-mediated gene expression involved in cellular protection against toxic insults. The present study was designed to investigate the mechanisms that control the activation of Nrf2 by hyperoxia using a non-malignant murine alveolar epithelial cell line, C10. No significant alteration in the levels of Nrf2 mRNA and protein was found following exposure to hyperoxia. In contrast, hyperoxia caused the translocation of Nrf2 from the cytoplasm to the nucleus within 30 -60 min of exposure. Consistent with these observations, gel shift and reporter analyses demonstrated a correlation between the hyperoxia-enhanced ARE DNA-binding activity of Nrf2 and an up-regulation of ARE-driven transcription. Inhibition of NADPH oxidase with diphenyleneiodonium (DPI) blocked both Nrf2 translocation and ARE-mediated transcription. Inhibition of the MEK/ ERK pathway caused a similar effect. Consistent with this finding, hyperoxia stimulated ERK-1 and ERK-2 phosphorylation, whereas DPI or N-acetyl-L-cysteine blocked such activation. Hyperoxia stimulated the phosphorylation of endogenous Nrf2, but not in the presence of U0126, suggesting a critical role for ERK signaling in the activation of Nrf2. Consistent with this notion, hyperoxia did not stimulate the phosphorylation of Nrf2 in fibroblasts lacking the ERK-1. Collectively, our findings suggest that hyperoxia-induced, ARE-driven, Nrf2-dependent transcription is controlled by NADPH oxidase and ERK-1 signaling.
It is thought that the damaging effects of oxygen on cellular biomolecules, such as nucleic acids, proteins, and lipids, are mediated by superoxide, hydroxyl radicals, and H 2 O 2 products collectively called the reactive oxygen species (ROS) 1 (4, 5) . Ample evidence has been provided for an increased cellular formation of these ROS during hyperoxia (Ͼ95% oxygen) and their deleterious effects on cellular constituents in laboratory animals (6) . Consequently, hyperoxia causes pulmonary damage characterized by an extensive inflammation and endothelial and alveolar epithelial cell death (4) . A prolonged hyperoxia (Ͼ3-4 days) is lethal to laboratory animals (7) .
Hyperoxia can cause increased expression and/or activation of "classic" antioxidant enzymes (AOEs) such as superoxide dismutase, glutathione peroxidase, glutathione reductase, and catalase in the lung (8 -10) . In addition to classic AOEs, hyperoxia also up-regulates other "non-classic" AOEs in the lung, including heme oxygenase-1 (HO-1) (11) . Recent studies have shown a protective role for phase II detoxifying enzymes such as glutathione reductase, thioredoxin, NQO1, and glutathione transferase against oxidative processes (12, 13) . These enzymes detoxify reactive electrophilic metabolites, which include organic peroxides, lipid peroxides, epoxides, and quinones, and facilitate their excretion through conjugation reaction or two-electron reduction (14 -16) . Collectively, these results strongly indicate that expression and regulation of both classic and non-classic AOEs and of detoxifying enzymes by oxidative stress play a critical role in pulmonary defense mechanisms.
Many of the genes coding for AOEs and phase II defense enzymes contain an antioxidant response element (ARE) in their enhancers. NF-E2-related transcription factor 2 (Nrf2) has been identified as a key transcriptional activator of these genes through the ARE. It binds to ARE by forming a heterodimer with other transcription factors, such as Maf (26) . Nrf2 is a member of the Cap'n'Collar family of basic regionleucine zipper transcription factors and expressed abundantly in liver, intestine, lung, and kidney, where detoxification reactions occur routinely (17, 18) . Nrf2 also modulates gene expression regulated by keratinocyte growth factor, which plays an important role in lung epithelial repair and cell stretching (19) .
We recently showed that Nrf2 plays a key role in protection against hyperoxia-induced lung injury in vivo (20, 21) . In contrast to wild-type, the Nrf2-deficient mice are more susceptible to inflammatory and hyper-permeability responses induced by hyperoxia (20) . Consistent with this finding, studies from other laboratories have shown an important role for Nrf2 in the regulation of AOE expression in response to various oxidative and cytotoxic insults in many cells and tissues (14, 18, (22) (23) (24) (25) .
Several studies have also shown that in response to external stimuli Nrf2 translocates into the nucleus and up-regulates AOEs (26) . Although we have previously shown that Nrf2 plays a critical role in hyperoxia-induced lung injury (20, 21) , the mechanisms contributing to this process are unclear. To delineate the molecular basis of Nrf2-mediated protection against hyperoxia-induced toxicity in the lung, we investigated the mechanisms controlling Nrf2 activation and subsequent AREmediated gene transcription in response to hyperoxia in an alveolar epithelial cell culture system. Our results indicate that ROS-induced ERK MAPK signaling plays a critical role in regulating ARE-mediated, hyperoxia-induced gene expression in pulmonary epithelial cells.
EXPERIMENTAL PROCEDURES
Cell Culture-C10, a non-malignant murine alveolar type II-like epithelial cell line (27) , was grown in MEM supplemented with 10% fetal bovine serum and antibiotics. A549, a tumorigenic human alveolar type II-like epithelial cell line, was grown in RPMI 1640 supplemented with 5% fetal bovine serum and antibiotics. Isogenic mouse embryonic fibroblasts (MEFs) lacking ERK-1 (ERK-1 Ϫ/Ϫ ) and wild-type (ERK-1 ϩ/ϩ ) were cultured as previously described (28) .
Exposure to Hyperoxia-Culture medium was changed 1 h prior to hyperoxia (95% oxygen) exposure. C10 cells were exposed to hyperoxia in a tightly sealed chamber (model PROOX-RS232) configured to operate with E702 sensors (Reming Bioinstruments Co., Redfield, NY), which monitor the constant flow of oxygen. As a control, cells were exposed to room air.
Cell Viability Assays-Cell viability was analyzed with the CellTiterGlo TM Luminescent Cell Viability Assay kit using the protocol recommended by the manufacturer (Promega). In brief, cells cultured in a 48-well plate were treated with or without Me 2 SO or pharmacological inhibitors for 40 min and then exposed to hyperoxia or air. After exposure, cells were then incubated with 100 l of CellTiter-Glo reagent, and generation of a luminescent signal was recorded by using a luminometer. The luminescent signal is proportional to the amount of ATP present, which signals the presence of metabolically active cells. Cell number correlation and ATP standard curves were generated with luminescent output as per the instructions of the product (data not shown).
Generation of Nrf2-overexpressing Stable C10 Cell Line-To generate stable transfectants, C10 cells were transfected with either parental vector (pCI-Neo) or pCI-vector containing the wild-type mouse Nrf2 cDNA (pCI-Nrf2). Stable transfectants were selected after culturing cells in medium containing 400 g/ml G418 (Invitrogen). Several independent colonies stably expressing the Nrf2 were selected and pooled, and Nrf2 expression was analyzed by Western blot analysis.
Immunocytochemistry-C10 cells were grown to 80% confluence in Lab-Tek II chamber slides (Nalgene) and exposed to room air or hyperoxia for 1 h. After fixation in cold methanol for 10 min at room temperature, cells were washed three times with cold PBS to remove methanol and then permeabilized with PBS containing 0.1% Triton X-100 for 5 min. They were blocked with 5% bovine serum albumin for 1 h and then incubated with primary anti-Nrf2 antibody (SC-13032, Santa Cruz Biotechnology, Santa Cruz, CA) in PBS containing 3% bovine serum albumin for 18 -20 h at 4°C. Cells were washed with PBS and incubated with fluorescein isothiocyanate-labeled secondary antibody (SC-2365, Santa Cruz Biotechnology) for 1 h, washed, and mounted using 4Ј,6-diamidino-2-phenylindole (H-1500, Vector Laboratories). Subcellular localization of Nrf2 was observed using a fluorescence microscope (Nikon Eclipse TE2000-S) fitted with a digital camera. The fluorescent images were captured using appropriate filters. For inhibitor studies, cells were treated with pharmacological inhibitor or vehicle for 1 h before exposure.
Gene Expression and Immunoblot Analyses-For Northern blot analyses, total RNA (15 g/lane) isolated from cells was separated on a 1.2% formaldehyde agarose gel and blotted onto a nylon membrane. Mem-FIG. 1. Nrf2 accumulates in the nucleus following hyperoxic stimulation. A, intracellular localization of Nrf2 by indirect immunofluorescence. C10 and A549 cells grown on chamber slides were exposed to room air (RA) or hyperoxia (Hyp) for 1 h, fixed, and permeabilized. Cells were incubated with anti-Nrf2 antibody followed by fluorescein isothiocyanate-labeled secondary antibody. The subcellular localization of Nrf2 was visualized using a fluorescent microscope under ϫ40 magnification. B, hyperoxia-induced nuclear accumulation of Nrf2. Nuclear extracts (15 g) isolated from C10 and A549 cells exposed to RA or Hyp for 30 -180 min were separated on gradient SDS-PAGE gels, blotted onto polyvinylidene difluoride membranes, and incubated with anti-Nrf2 antibody. Extracts of cells transfected with the expression vector bearing the Nrf2-cDNA were used as positive control (ϩve) to locate the position of the Nrf2 band. The Nrf2 band was quantified by densitometric scanning using the nonspecific (NS) band as reference. The densitometric value of the RAexposed sample was considered equal to one arbitrary unit (AU).
branes were sequentially hybridized with 32 P-labeled Nrf2 and ␤-actin cDNA probes. For Western blot analyses, total protein was extracted in a kinase lysis buffer (20 mM Tris, pH 7.5, with150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 5 mM ␤-glycerolphosphate, and 10 g/ml protease inhibitor complex (Sigma) containing 10 M proteasome inhibitor MG-132). A comparable quantity of total or nuclear (see below) protein from each sample was separated on 4 -12% gradient PAGE Bis-Tris gels (Invitrogen) and transferred to a polyvinylidene difluoride membrane (BioRad). Membranes were probed with anti-Nrf2 (SC-13032), anti-Erk-2 (SC-154), and anti-p-ERK (SC-7383) antibodies (all obtained from Santa Cruz Biotechnology) and developed using ECL-Plus reagent (Amersham Biosciences).
Immunoprecipitation-Cells were exposed to hyperoxia and washed with ice-cold PBS containing 1 mM sodium orthovanadate and lysed in radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.4; 1% Nonidet P-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM phenylmethylsulfonyl fluoride; and protease inhibitor mixture (10 l/ml, Sigma)). Total cell lysate (500 g) was pre-cleared with 20 l of Protein A-agarose beads (Santa Cruz Biotechnology) for 20 min and centrifuged (1000 ϫ g for 2 min). Supernatant was incubated with Nrf2 antibody (2 g) for 4 h at 4°C, and the immune complexes were precipitated with Protein A-agarose beads overnight at 4°C. The immunoprecipitates were then washed twice with radioimmune precipitation assay buffer before separating the proteins on a SDS-PAGE and subsequent immunoblotting with anti-phosphoserine antibody (BD Biosciences).
Transfections and Reporter Gene Analyses-Transient transfections were performed as described previously (29) . In brief, cells were transfected with 100 ng of HO-1-ARE-Luc or the human NQO1 (hNQO1, NADPH:quinone oxidase reductase-1)-ARE-Luc reporter, together with 1 ng of Renilla luciferase plasmid, pRL-TK (Promega). HO-1-ARE-Luc (kindly provided by Jawed Alam, Ochsner Clinic Foundation, New Orleans, LA) contains three copies of ARE (5Ј-CGGACCTTGACTCAG-CAGAAAA-3Ј) cloned upstream of the mouse HO-1 minimal (Ϫ35 to ϩ72 bp) promoter. The hNQO1-ARE-Luc contains a single copy of ARE, derived from the human NQO1 promoter, placed upstream of a minimal promoter containing a TATA box fused to the luciferase gene (30) (kindly provided by Jeffrey Johnson, University of Wisconsin). Cell extracts were assayed for firefly and Renilla luciferase activities using a dual luciferase kit (Promega). Firefly luciferase activity was normalized to that of Renilla luciferase. All transfections were performed in triplicate, and each experiment was repeated at least twice. Data are presented as the mean luciferase activity Ϯ S.E. (n ϭ 3) of a representative experiment. The statistical significance of the differences between groups was determined using Student's t test, and a p Ͻ 0.05 value was considered statistically significant.
Electrophoretic Mobility Shift Assays-Nuclear extracts were isolated as described previously (31) , except that the proteasome inhibitor MG-132 (10 M) was included in the extraction buffers. EMSA was carried out as described previously (29): nuclear extracts (2-3 g) were incubated with a binding buffer (10 mM Tris-HCl, pH 7.5, with 50 mM NaCl, 0.5 mM dithiothreitol, 0.5 mM EDTA, 1 mM MgCl 2 , 4% glycerol, 0.25 g/ml poly(dI-dC), and 0.5 g of salmon sperm DNA) on ice for 20
FIG. 2. Hyperoxia induces nuclear protein binding to the ARE.
A, the consensus Nrf2 binding sequence ARE, with (ARE) or without an embedded AP-1 site (ARE-AP1mt) was used in DNA binding assays. The AP-1 site is underlined; mutations are shown in lowercase letters. B, nuclear extracts (2.5 g) from C10 cells exposed to room air (0 min) or hyperoxia for 60 or 180 min were used in DNA binding assays. C, to determine the binding specificity, a 50-fold excess of unlabeled ARE probe (self) or consensus AP-1 site (AP-1) was added to the nuclear extracts before the addition of the labeled ARE probe. D, mutation within the embedded AP-1 site of ARE abrogated formation of the AP-1 complex. An ARE probe bearing a mutation within the AP-1 site was used in the DNA binding assays. The arrow (complex II) indicates the position of the AP-1-based DNA-protein complex; the arrowhead (complex I) indicates the Nrf2/Maf-based DNA-protein complex. "0" refers to control cultures, which have not been exposed to hyperoxia. FP, free probe. A representative autoradiogram from two independent experiments is shown. min before addition of 32 P-labeled double-stranded oligonucleotide probe. After incubation at room temperature for 30 min, samples were resolved on a 4% polyacrylamide gel containing 2% glycerol. To determine the specificity of complex formation, nuclear extracts were incubated for 10 -15 min with a 50-fold molar excess of appropriate unlabeled oligonucleotides. In supershift assays, nuclear extracts were incubated on ice with 2 g of anti-Nrf2 (sc-13032X), anti-Sp1 (sc-420 X), and anti-Maf F/G/K (sc-16278 X) antibodies (Santa Cruz Biotechnology) for 2 h before addition of probe.
RESULTS
Hyperoxia Triggers the Nuclear Translocation of Nrf2-Previously, we have shown that Nrf2 provides protection against hyperoxia-induced toxicity in the lungs at least in part through the modulation of Nrf2 expression and functional activity (20) . To understand the mechanisms controlling the activation of Nrf2, we initially studied the effects of hyperoxia on Nrf2 expression in A549 and C10 cell lines, which exhibit alveolar epithelial-like characteristics (27) . Hyperoxia caused no significant change in the level of Nrf2 mRNA or protein expression in either cell type after various times of exposure (data not shown). These results suggest that hyperoxia does not affect the levels of Nrf2 mRNA or protein expression in C10 or A549 cells, and they are consistent with the reported regulation of Nrf2 in a majority of cell types in response to toxic stimuli (16, 26) .
We next examined whether hyperoxia modulates subcellular localization of Nrf2 from the cytoplasm to the nucleus and up-regulates ARE-mediated transcription. Immunostaining analyses of intact cells exposed to room air or hyperoxia indicated that the Nrf2 antigen was predominantly localized in the cytoplasm (Fig. 1A , left panels). The intense fluorescent staining of Nrf2 was seen to extend peripherally around the nucleus and into the distal cytoplasm. However, a high proportion of Nrf2 accumulated in the nucleus of both cell types following the exposure of cells to hyperoxia (Fig. 1A, right panels) .
To further validate these observations, nuclear extracts were obtained from room air-or hyperoxia-exposed C10 and A549 cells, and immunoblot analyses were performed to monitor the nuclear accumulation of Nrf2 (Fig. 1B) . In addition to a specific signal, a nonspecific (NS) band just below the Nrf2 band was seen with these antibodies, as previously reported (32) . Consistent with our immunostaining data, minimal amounts of Nrf2 were present in the nuclei of cells exposed to room air. However, the nuclear Nrf2 levels increased rapidly (within 30 min) after exposure to hyperoxia, suggesting a rapid nuclear accumulation of this transcription factor in response to hyperoxia.
Hyperoxia Enhances the Nrf2 DNA-binding Activity and Downstream Target Gene Transcription-To determine whether the nuclear Nrf2 is capable of binding to DNA, we used an EMSA approach with a 32 P-labeled ARE probe (Fig. 2 ). When incubated with the nuclear extracts from control and hyperoxia-exposed C10 cells, the ARE probe formed two major protein complexes, designated I and II. The formation of these complexes was enhanced in cells exposed to hyperoxic conditions (lane 2, Fig. 2B ). In particular, a significant difference was observed at 3 h post-exposure. Similar results were obtained with the nuclear extracts from A549 cells (data not shown). The specificity of formation of these complexes was assessed in competition assays using an excess of unlabeled ARE-oligonucleotide (self) or an oligonucleotide-bearing AP-1 binding site (Fig. 2C) . Both of these oligonucleotides inhibited the formation of both complexes.
Because ARE also contains an embedded AP-1 site, we asked whether any or all of these complexes were formed by AP-1. To distinguish between these possibilities, we used an ARE probe bearing mutations within the AP-1 site in an EMSA (AREAP1mt; Fig. 2A) . Mutation of the AP-1 site markedly reduced the formation of complex II without significantly affecting the formation of complex I (Fig. 2D) . The weak complex II observed with ARE-AP1mt may be attributed to other flanking sequences present in the ARE. This observation is consistent with a previous report that showed a similar pattern of DNA complex formation with the ARE (18, 33) . The blockade of the formation of complexes I and II by AP-1 oligonucleotide (5Ј-CGC TTG ATG ACT CAA ACG GAA-3Ј; lane 9, Fig. 2C ) suggested that protein complexes formed at ARE were composed of AP-1-like transcription factors.
To examine the nature of protein binding to ARE, EMSAs were performed using antibodies specific for the Nrf2 and Maf proteins. The addition of either anti-Nrf2 or anti-Maf antibody reduced the formation of complex I in the case of nuclear extracts isolated from cells exposed to hyperoxia, as compared with IgG controls (lanes 1-4, Fig. 3 ) in contrast, anti-Sp1 antibody had no appreciable effect (lanes [13] [14] [15] [16] . Incubation of nuclear extracts with specific antibodies recognizing the Jun and Fos families of proteins revealed the presence of Jun-D, Jun-B, and Fra-1 in complex II (data not shown). Collectively, the data presented in Figs. 2 and 3 indicate that hyperoxia induces the binding of Nrf2 to the ARE.
To further correlate the Nrf2 DNA binding with gene transcription, we analyzed the effect of hyperoxia on ARE-mediated reporter gene expression by transient transfection assay using the reporter constructs HO-1-ARE-Luc and hNQO1-ARE-Luc (Fig. 4A) . Various studies have demonstrated that these reporters contain sufficient information to mediate Nrf2-dependent gene transcription (34, 35) . To determine the kinetics of induction of the reporters, cells were exposed to hyperoxia for 60 or 180 min, and Luc activity was analyzed (Fig. 4B) . A 60-min exposure to hyperoxia significantly enhanced (Ͼ60%) the luciferase activity, as compared with room air-exposed controls. The reporter gene expression was maximal in cells exposed to hyperoxia for 180 min. More importantly, the ARE-driven promoter activity correlated (Fig. 4B) with the hyperoxia-induced Nrf2 nuclear accumulation (Fig. 1) .
NADPH Oxidase Mediates Hyperoxia-induced Nrf2-dependent Gene Transcription-ROS generated via NADPH oxidase in to hyperoxia. We then took three independent approaches, immunolocalization, EMSA, and transient reporter assays, to examine the translocation, DNA binding, and functional activity of Nrf2, respectively. As expected, Nrf2 immunostaining was enhanced in the nuclei of vehicle (Me 2 SO)-treated cells following hyperoxia (Fig. 5A) . However, treatment of cells with DPI markedly diminished both basal and hyperoxia-enhanced Nrf2 accumulation in the nucleus (Fig. 5A) .
We have also determined the DNA-binding activity of Nrf2 in cells treated with Me 2 SO or DPI (Fig. 5B) . For this purpose, EMSAs were performed with an ARE probe. As shown earlier (Fig. 3) , Nrf2 and AP-1 protein complexes were readily detected (Fig. 5B) . DPI markedly diminished the formation of Nrf2-based DNA-protein complexes (lanes 3 and 4) and had a modest inhibitory effect on the formation of AP-1 complexes (top band). These results indicate that ROS, generated through the activation of NADPH oxidase, may play a role in mediating AREdependent hyperoxia-induced gene transcription. To confirm this notion, we analyzed the effects of DPI on hyperoxia-stimulated ARE reporter gene expression. As expected, ARE-Luc activity was significantly enhanced by hyperoxia (Fig. 5C ). However, treatment of cells with DPI prior to exposure completely suppressed hyperoxia-enhanced ARE-Luc activity. In an analogous experiment, N-acetyl-L-cysteine (NAC), an antioxidant, also markedly suppressed (ϳ50%) hyperoxia-stimulated ARE-mediated reporter expression (Fig. 5D) . Together, these data indicate a role for ROS in Nrf2 activation.
The ERK-1/2 MAPK Pathway Regulates Nrf2-dependent Gene Transcription in Response to
Hyperoxia-It is well documented that the MEK/ERK signaling cascades regulate cell survival and growth (37, 39, 40) , and the activation of this pathway by hyperoxia has been demonstrated in pulmonary epithelial cells both in vivo and in vitro (41) (42) (43) . We therefore hypothesized that the ERK pathway regulates Nrf2-dependent gene transcription under hyperoxia in alveolar epithelial cells. To test this hypothesis we used a chemical inhibitor, U0126, which specifically blocks the activation MEK1/ERK kinase pathway. C10 cells were treated with U0126 for 1 h prior to exposure. We then used the same three independent approaches described above to assess the Nrf2 nuclear accumulation and its functional activity. As expected, nuclear accumulation of Nrf2 was enhanced in cells exposed to hyperoxia, as compared with controls (Fig. 6A) . However, UO126 markedly diminished hyperoxia-induced nuclear accumulation of Nrf2. Similarly, the formation of Nrf2-and AP-1-based protein complexes at ARE was enhanced in response to hyperoxia (Fig. 6B) . However, treatment of cells with U0126 inhibited the formation of DNA-protein complexes I and II. Consistent with these results, U0126 significantly diminished hyperoxia-enhanced, Nrf2-dependent ARE-mediated gene transcription (Fig. 6C) . In contrast, SP600125, an inhibitor of JNK (c-Jun N-terminal kinase, a member of the family of stress-responsive MAPKs), had no such effect.
We next examined whether hyperoxia stimulated the activation of the ERK pathway. C10 cells were exposed to hyperoxia for 30 -180 min, and immunoblot analysis was performed with anti-ERK antibodies that specifically recognize the phosphorylated forms of both ERK-1 and ERK-2 (Fig. 7A) . The ERK-1 and ERK-2 phosphorylation was increased (ϳ80%) within 30 min of exposure and remained elevated above basal level at 3 h. To further determine the relevance of ERKs to gene expression and the isoform of ERK that regulates hyperoxia-induced AREmediated transcription, cells were transfected with dominantnegative ERK-1 and ERK-2 mutants, and reporter gene expression was analyzed. Overexpression of the ERK-1 mutant, but not the ERK-2 mutant, significantly inhibited hyperoxia-induced ARE transcription, suggesting that ERK-1 at least in part mediates Nrf2 translocation and its downstream target expression (Fig. 7B) .
Data shown earlier in this report indicate that NADPH oxidase, a potent generator of ROS, regulates Nrf2-driven transcription induced by hyperoxia. Therefore, to determine whether ROS activate ERK signaling, cells were treated with either NAC or DPI for 1 h prior to hyperoxia, and the phosphorylation of the ERK-1/2 isoforms was analyzed (Fig. 7D) . NAC strongly suppressed hyperoxia-inducible ERK-1/2 phosphorylation without having an effect on the basal activity (lanes 5 and 6). In contrast, DPI (lanes 9 -12) completely reduced both basal and hyperoxia-stimulated ERK-1/2 phosphorylation. In analogous experiments, the MEK/ERK inhibitor U0126 (lanes 15 and 16), like DPI, suppressed both basal and hyperoxia-inducible ERK-1/2 phosphorylation. Taken together, these observations strongly support a role for NADPH oxidase-generated ROS in mediating hyperoxia-induced Nrf2 activation in pulmonary epithelial cells.
ERK-1 Regulates Hyperoxia-simulated Nrf2 Phosphorylation-To further confirm the role of ERK-1 signaling in Nrf2 activation, we exposed mouse embryonic fibroblasts (MEFs) that were deficient in the ERK-1 (ERK-1 Ϫ/Ϫ ) as well as wildtype (ERK-1 ϩ/ϩ ) fibroblasts to hyperoxia for 90 min and then analyzed the phosphorylation of endogenous Nrf2 was analyzed as described under "Experimental Procedures." Cellular lysates were incubated with anti-Nrf2 antibodies, the immunoprecipitates were resolved by SDS-PAGE, and Nrf2 phospho- rylation was analyzed using phosphoserine-specific antibodies (Fig. 8A, lanes 1-4) . In ERK-1 ϩ/ϩ MEFs, hyperoxia stimulated phosphorylation of Nrf2 (lane 4), when compared with room air-exposed controls (lane 3). In contrast, there was no appreciable change in the level of phosphorylation of Nrf2 after hyperoxic insult in MEFs that lacked the ERK-1 (ERK-1 Ϫ/Ϫ ) (compare lanes 2 and 4) .
To determine whether inhibition of the ERK pathway had similar effects on the phosphorylation of endogenous Nrf2 in lung epithelial cells, analogous experiments were performed in C10 cells in the presence and absence of UO126 (Fig. 8A, lanes  5-8) . As was seen for wild-type MEFs, hyperoxia enhanced the phosphorylation of endogenous Nrf2 (lane 6) when compared with room air-exposed controls (lane 5). However, hyperoxia failed to raise the phosphorylation level of Nrf2 above the basal level in the presence of UO126. Treatment of C10 cells with UO126 prior to the exposure reduced the nuclear accumulation of Nrf2, as compared with the Me 2 SO-treated hyperoxia-exposed controls (Fig. 8B) . Thus, it appears that ERK-dependent phosphorylation of Nrf2 plays a critical role in its nuclear accumulation. A basal level of phosphorylation of Nrf2 present in both unstimulated (room air-exposed) MEFs and C10 cells, a finding that is consistent with a low basal level of Nrf2 in the nucleus, as indicated by immunocytochemistry and immunoblot analysis (Fig. 1) .
To assess the importance of serine phosphorylation in regulating Nrf2 activity, we transfected cells either with wild-type Nrf2 or an Nrf2 mutant lacking the N-terminal region containing the functional serine residue at position 40 (hereafter referred to as Ser-40) (44, 45) , then analyzed the resulting AREdriven transcriptional response (Fig. 8C) . Overexpression of wild-type Nrf2 markedly stimulated ARE-driven reporter expression when compared with the empty vector-transfected controls. Hyperoxia further stimulated luciferase activity. In contrast, the Nrf2 mutant failed to stimulate an ARE-driven transcriptional response, and it significantly inhibited hyperoxia-stimulated ARE-driven expression when compared with the empty vector control.
To further validate the notion that inhibition of the ERK-1 pathway attenuates ARE-transcriptional response, we transfected ERK-1 ϩ/ϩ and ERK-1 Ϫ/Ϫ MEFs with ARE-Luc, and reporter expression was analyzed in response to hyperoxia. Hyperoxia-stimulated ARE-transcriptional response was significantly diminished in ERK-1 Ϫ/Ϫ MEFs, when compared with wild-type ERK-1 ϩ/ϩ MEFs (Fig. 8D) . However, forced expression of wild-type ERK-1 in ERK-1 Ϫ/Ϫ MEFs restored such response (Fig. 8E) . In contrast, a catalytically inactive ERK-1 mutant failed to restore hyperoxia-stimulated ARE-transcriptional response (data not shown). Collectively, these results indicate that ERK-1 regulates hyperoxia-stimulated Nrf2 phosphorylation and the subsequent ARE-driven transcriptional response.
FIG. 7. Hyperoxia stimulates ERK-1/2 phosphorylation.
A, C10 cells were exposed to room air or hyperoxia for 30 -180 min, and total cell lysates (40 g) were used for immunoblot analysis using phospho-specific anti-ERK-1/2 antibodies (top panel). The membrane was stripped and probed with anti-ERK-2 antibodies (bottom panel). The histogram represents the quantification of ERK-1/2 phosphorylation (pERK) normalized to that of ERK-2. The densitometric value of RA-exposed samples (n ϭ 3) was considered equal to one arbitrary unit (AU). *, p Ͻ 0.05, compared with RA-exposed samples. B, ERK-1 mediates hyperoxia-stimulated ARE-mediated expression. Cells were transfected with HO-1-ARE-Luc (100 ng) together with a pRL-TK plasmid in the presence of a dominant-negative mutant ERK-1 (dn-ERK-1) or ERK-2 (dn-ERK-2) expression vector. Empty vector (pCEP) was added to keep the amount of the transfected DNA equal in all samples. Values are means Ϯ S.E. of six independent samples. *, p Ͻ 0.001, compared with room air-exposed controls. C, C10 cells were treated with vehicle ( lanes 1-4), 15 mM NAC (lanes 5-8) , 10 M DPI (lanes 9 -12), or (D) 10 M U0126 (lanes 15 and 16) before hyperoxia exposure, and immunoblot analysis of whole cell lysates was performed using anti-ERK-1/2 antibodies as in panel A.
Nrf2 Confers Protection against Cell Death Induced by Hyperoxia, Whereas NADPH Oxidase Inhibitor DPI Potentiates
It-Several studies have demonstrated that Nrf2 plays a critical role in the up-regulation of genes that provide cellular protection against toxic and oxidant insults. To determine whether overexpression of Nrf2 protects cells against hyperoxic insult, stable transfectants carrying Nrf2 cDNA under the control of the cytomegalovirus minimal promoter or empty vector (pCI-Neo) were selected using G418 selection and pooled to avoid clonal bias. The expression of Nrf2 and its functional activity were analyzed by Western blotting and ARE-reporter assays, respectively. As shown in Fig. 9A , the stably transfected cell clones containing the wild-type Nrf2 cDNA displayed an increase of ϳ2-fold in message level over the pCI control. Consequently, the basal level of ARE reporter-driven expression in cell clones overexpressing Nrf2 cDNA was significantly higher (ϳ2.5-fold) than that in the parent vector control (Fig. 9B) .
To assess the effect of overexpression of Nrf2 on cellular injury, pCI-Nrf2 and pCI-stable cells were exposed to hyperoxia for 6 h, and cell viability was monitored by luminescence assay (Fig. 9C) . Following hyperoxic insult, the number of dead cells in the pCI-empty vector-transfected cells was significantly higher than that in the pCI-Nrf2-stable transfectant cells. This result indicates that Nrf2 confers protection against hyperoxiainduced cell death. Given that NADPH oxidase and ERK signaling apparently regulate the Nrf2-dependent ARE-transcriptional response, we assessed the effect of DPI and U0126 on hyperoxia-induced cell death in C10 cells (Fig. 9D) . No significant difference in cell viability was noticed between Me 2 SO (vehicle)-and U0126-treated samples. However, cell death was more pronounced in DPI (ϳ60%)-treated cells than in the vehicle-treated control group.
DISCUSSION
In the present study, we have for the first time identified the mechanisms contributing to the activation of Nrf2 in response to hyperoxia in lung alveolar epithelial cells. Our data indicate that Nrf2 is predominantly localized in the cytoplasm in unstressed cells, but that in response to hyperoxic insult, it translocates from the cytoplasm to the nucleus, where it activates ARE-mediated gene transcription. Our current findings are consistent with previous studies (26, 46) demonstrating that nuclear accumulation of Nrf2 in response to oxidative stress, rather than induction of its mRNA expression, plays a key role in the regulation of ARE-mediated gene transcription in various cell types. We have previously reported that hyperoxia modestly up-regulates Nrf2 mRNA expression in the lungs of mice (20) . It is likely that the apparent discrepancy between our earlier study and the present one can be attributed to the differences between in vivo and in vitro experimental systems. Given that there are at least 30 -40 different cell types present in the lung, it is quite possible that one or more cell types other than alveolar epithelial cells contribute to the enhanced Nrf2 mRNA expression in vivo. It will be of interest to investigate in which cell type(s) Nrf2 expression can be induced in response to oxidative stress.
The work of various laboratories has already clearly estab- 5-8) . Cellular extracts (500 g) were immunoprecipitated with anti-Nrf2 antibodies or non-immune IgG (data not shown) and then probed with anti-phosphoserine-specific antibodies. Total lysates from the empty (EF-1␣) and EF-Nrf2-transfected C10 cells were used to localize the position of the Nrf2 band (data not shown). B, the effect of UO126 on nuclear accumulation of Nrf2. C10 cells were treated either with Me 2 SO or UO126 (10 M) for 1 h, and nuclear extracts (15 g) were subjected to immunoblot analysis as described in Fig. 1 . C, cells were co-transfected with empty vector (EF-vector), wild-type Nrf2 (EF-Nrf2), or Nrf2 mutant (EF-Nrf2-mt) along with ARE-Luc and pRL-TK. The normalized luciferase activity of empty vector-transfected cells was considered to be equal to 1 unit. *, p Ͻ 0.001. D, ERK-1 Ϫ/Ϫ and ERK-1 ϩ/ϩ MEFs were transfected with ARE-Luc and pRL-TK plasmids. After overnight incubation, cells were exposed to hyperoxia (Hyp) or room air (RA) for 6 h, and luciferase activity was analyzed. The value of the normalized luciferase activity for the RA-exposed controls was considered equal to 1 unit, and the -fold activation over the control is presented. *, p Ͻ 0.001. E, ERK-1 Ϫ/Ϫ MEFs were transfected with ARE-Luc and pRL-TK plasmids in the presence of either empty or wild-type ERK-1 (wt-ERK-1) expression vector. The normalized luciferase activity of empty vector-transfected, room air-exposed cells considered to be equal to one unit. *, p Ͻ 0.001.
lished the generation of ROS during hyperoxia (42, 43, 47) . For example, an important contribution of ROS generated through NADPH oxidase to hyperoxia-induced toxicity in pulmonary epithelial (42) and endothelial (43) cells has been reported. We have now demonstrated for the first time, using three independent approaches, that inhibition of NADPH oxidase activity by DPI markedly attenuates hyperoxia-induced Nrf2 translocation and ARE-mediated transcription in alveolar epithelial cells. Thus, it is likely that ROS act as second messengers to mediate the cellular responses against hyperoxic insult (37, 38) . Indeed, hyperoxia has been shown to stimulate ERK signaling in lung epithelial cells both in vivo and in vitro (41, 42, 48) . Hyperoxia also causes activation of ERK-1/2 signaling in endothelial cells (43) . Consistent with these observations, we found that DPI inhibited hyperoxia-stimulated phosphorylation of ERK-1 and ERK-2 kinases (see Fig. 7C ). These observations suggest that ROS generated by NADPH oxidase probably contribute to the activation of ERK signaling and impinge on various transcription factors, which then regulate genes involved in cellular responses against oxidative stress (37, 38, 49) . Recently, a role for NADPH oxidase in mediating Nrf2-dependent gene transcription by an indole analogue, 2-indol-3-ylmethylenequinuclidin-3-ole, has been implicated in HepG2 cells (50) .
Previous studies performed in non-lung cell types have demonstrated that oxidative and toxic insults activate Nrf2-dependent gene transcription in both ERK-1/2-dependent and -independent pathways. For example, inhibition of the ERK pathway diminished tert-butylhydroquinone-induced Nrf2 translocation in HepG2 cells (51) . In contrast, the phosphatidylinositol 3-kinase, but not ERK, pathway mediates such activation in neuroblastoma cells (52) . Interestingly, the ERK inhibitor UO126 had no effect on cadmium-stimulated Nrf2-activation in mammary epithelial cells. Instead, the p38 MAPK appears to regulate the nuclear translocation of Nrf2 in these cells (34) .
We found that inhibition of the ERK pathway blocked hyperoxia-enhanced Nrf2 nuclear accumulation and ARE-driven reporter expression in alveolar epithelial cells (Fig. 6) . Phosphorylation analysis of endogenous Nrf2 immunoprecipitated with anti-Nrf2-antibodies indicated that inhibition of the ERK pathway suppressed the hyperoxia-inducible phosphorylation of Nrf2 (Fig. 8B ). In agreement with this observation, using isogenic wild-type ERK-1 ϩ/ϩ and ERK-1 Ϫ/Ϫ MEFs, we have demonstrated a critical role for ERK-1 in regulating the phosphorylation of Nrf2 (Fig. 8A ) and subsequent ARE-driven transcriptional response (Fig. 8, D and E) . Overexpression of a mutant Nrf2 that lacks the Neh2 domain containing putative Ser-40 was found to suppress the hyperoxia-stimulated AREdependent transcriptional response (Fig. 8C) . Consistent with our findings, phosphorylation of Ser-40 in the Neh2 domain of Nrf2 by protein kinase C and ERK-1/2 has been demonstrated (34, 45, (53) (54) (55) (56) (57) .
Based on our findings, we propose ( Fig. 10 ) that hyperoxia activates NADPH oxidase, which activates various MAPK pathways, including ERKs (step 2) through the generation of ROS (step 1). Activated ERK-1 then phosphorylates Nrf2 (step 3), resulting in its dissociation from its inhibitor, Keap1 (step 4). In addition, ROS generated by hyperoxia may directly modulate the redox status of cysteine residues of Keap1, thereby FIG. 9 . The effects of DPI, UO126, and overexpression of Nrf2 on hyperoxia-induced cell death. A, total protein was isolated from C10 cells stably transfected with the wild-type Nrf2 expression vector (pCI-Nrf2) or with parental empty pCI-Neo (pCI) vector. Western blot analysis was carried out using Nrf2 and ␤-actin antibodies. B, C10 stable transfectants were transiently transfected with HO-1 ARE-Luc, and luciferase activity was analyzed. Promoter activity was normalized according to protein content, and the values for pCI-neo-transfected cells were considered to be equal to one. C, C10 stable transfectants were plated on 48-well plates; after reaching 80 -90% confluence, they were exposed to room air or hyperoxia for 6 h. Cell viability (n ϭ 6) was analyzed by luminescence assays. The value for the pCI-neo-stable transfectant exposed to hyperoxia was considered to be 100%. The asterisk indicates a statistically significant difference, which was determined by Student's t test and accepted at p Ͻ 0.05. The experiment was repeated and identical results were obtained. D, C10 cells treated with Me 2 SO, DPI, or UO126 were exposed to room air or hyperoxia, and cell viability was analyzed. The percentage of viable cells was calculated with the luminescence values for Me 2 SO-treated, room air-exposed cells considered to be 100%.
triggering Nrf2 release (step 4). Blocking the activation of any of these steps or pathways can potentially inhibit hyperoxiainduced Nrf2-activation. Given that a direct modulation of the redox status of cysteine residues of Keap1 by oxidative and electrophilic stresses has been implicated in the dissociation of Nrf2 from Keap1 (58 -60) , further studies are needed to elucidate the modulation of Keap1 residues by hyperoxia.
NADPH oxidase plays key roles in cellular responses against oxidative stress. Recently, Zhang and coworkers (32) have demonstrated that inhibition of NADPH by DPI prevents hyperoxia-induced cell death in murine lung alveolar epithelial cells, MLE-12. In contrast, our findings demonstrated that treatment of cells with DPI potentiated alveolar epithelial cell death (Fig. 9D) . This discrepancy could be attributed to a difference in experimental conditions and the cell types used. For example, C10 cells are non-malignant, whereas MLE-12 cells are tumorigenic. Nonetheless, our results suggest that intracellular signaling mediated by NADPH oxidase is essential to the cellular response against hyperoxic insult in non-malignant lung epithelial cells. Inhibition of NADPH oxidase activity prevents the activation of Nrf2 in response to hyperoxia. Nrf2 is known to play a critical role in up-regulating the expression of genes involved in various cellular processes, including cellular detoxification, injury, and repair (26, 46) . Consistent with this notion, overexpression of Nrf2 conferred cellular protection against hyperoxia-induced cell death in vitro (Fig. 9C) . We have previously demonstrated that mice lacking the Nrf2 gene are more susceptible to hyperoxia-induced lung injury and death than are wild-type mice (20) . In a different study, it was recently shown that Nrf2-deficient cultured thymocytes are ϳ20% more susceptible than wild-type thymocytes to Fas-induced cell death (61) . Together, these results indicate that Nrf2 deficiency enhances the cell death, while its overexpression confers cellular protection.
Our study has also demonstrated that ERK signaling regulates Nrf2 activation in C10 cells. However, in contrast to DPI, treatment of cells with an ERK inhibitor caused no potentiation of cell death under identical experimental conditions. Therefore, it is likely that, in the absence of ERK signaling and Nrf2 activation, other ROS-induced signaling pathways or the close relatives of Nrf2, Nrf1, and/or Nrf3, may compensate to regulate cellular responses to hyperoxia. Indeed, it has been shown that MEFs lacking both Nrf1 and Nrf2 genes spontaneously undergo cell death, as compared with MEFs lacking either Nrf1 or Nrf2 alone (62) . Further investigation is needed to establish the roles of these alternate/detour pathways in mediating the ARE-related transcriptional response in lung epithelial cells.
